Light-driven proton pumps are present in many organisms. Here, we present a high-resolution structure of a proteorhodopsin from a permafrost bacterium, Exiguobacterium sibiricum rhodopsin (ESR). Contrary to the proton pumps of known structure, ESR possesses three unique features. First, ESR's proton donor is a lysine side chain that is situated very close to the bulk solvent. Second, the α-helical structure in the middle of the helix F is replaced by 3 10 -and π-helix-like elements that are stabilized by the Trp-154 and Asn-224 side chains. This feature is characteristic for the proteorhodopsin family of proteins. Third, the proton release region is connected to the bulk solvent by a chain of water molecules already in the ground state. Despite these peculiarities, the positions of water molecule and amino acid side chains in the immediate Schiff base vicinity are very well conserved. These features make ESR a very unusual proton pump. The presented structure sheds light on the large family of proteorhodopsins, for which structural information was not available previously.
retinylidene protein | bacteriorhodopsin | retinal | photocycle R etinal-containing membrane proteins are present in all domains of life. They use light energy for a wide range of different functions such as ion transport, photosensing, and channel activity (1) . The proteins are used for development of many applications including the optogenetic control of cell and tissue (2) . All of these proteins contain at least seven transmembrane α-helices and a retinal molecule that is covalently bound via the Schiff base to the side chain of a lysine amino acid (3) . The most studied protein of this family is bacteriorhodopsin (BR) from a halophilic archaea Halobacterium salinarum, a proton pump, which provides the first key universal step of transformation of the energy in the cells: generation of proton electrochemical gradient across the cell membrane (4) . Studies of this protein have provided a basis for the fundamental hypothesis of transport mechanisms and motivated the development of new experimental technologies (3) .
A significant number of BR structural homologs were revealed in diverse microorganisms (proteobacteria, actinomycetes, cyanobacteria, fungi, and others) including the proteorhodopsin (PR), whose gene was first discovered in metagenomic DNA library from Monterey Bay, California (5) . A potential bacterial rhodopsin gene was also identified in the genome of a Grampositive bacterium Exiguobacterium sibiricum, isolated from Siberian permafrost soil (6) . This extreme environment contains a unique microbial community adapted to long-term freezing, cumulative radiation, and high-water osmolarity (7, 8) . E. sibiricum, one of the Gram-positive microorganisms widely present in permafrost samples, can withstand a wide range of growth conditions, including the temperature from −5°C to 40°C (9) . The E. sibiricum rhodopsin (ESR) expressed well in Escherichia coli in a functionally active form. The protein with a covalently linked alltrans retinal had maximum absorbance at 534 nm and was able to pump a proton upon illumination in a broad pH range of 4.5-8.5 (10, 11) .
Results and Discussion
Here, we present a high-resolution crystallographic structure of ESR and show that it is very unusual compared with the structures of BR and xanthorhodopsin (XR) (12) , the closest ESR homolog and the only proton-pumping bacterial rhodopsin for which the crystallographic structure is known. We show that the ESR structure possesses a proteorhodopsin-specific feature and may serve as a model for the protein family. We do not compare the ESR structure with the solution NMR structure of proteorhodopsin (13) for the reasons described in Fig. S1 and its legend.
Crystallographic Structure of E. sibiricum Rhodopsin and Its Characteristic Features. The ESR crystals were grown using the in meso approach (14, 15) and diffracted to 2.3 Å (Table 1 ). There are two ESR monomers with an almost identical structure in the crystallographic asymmetric unit. The most extended B-C loop could be built in one chain but not in the other (Fig. S2) . Comparison of the structure with the known structures of retinylidene proteins reveals that the overall fold is very well conserved (Fig. 1A) as well as the Schiff base-proximal region ( Fig. 2A) . The helix G π-bulge distortion observed in the other proteins is also present in ESR. However, ESR possesses another feature that is unique to the protein (Fig. 1B and Figs. S3-S8) . Namely, the α-helical structure in the middle part of the helix F is severely disrupted (Fig. S3) Author contributions: L.P., V.C., and V.G. designed research; I.G., P.C., P.K., A.N.P., E.R., V.B., and A.I. performed research; I.G., P.C., P.K., A.N.P., E.R., V.B., A.I., L.P., V.C., D.A.D., A.S.A., M.K., and V.G. analyzed data; I.G., P.C., P.K., A.N.P., E.R., V.B., A.I., L.P., V.C., D.A.D., A.S.A., M.K., and V.G. wrote the paper.
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This article is a PNAS Direct Submission. occurrence of the π-and 3 10 -like structures, the overall register of the helix is unchanged. The structural element is stabilized by hydrogen bonds between the backbone and neighboring side chains (O 187 -Trp-154 and O 190 -Asn-224). The residues Trp-154 and Asn-224 are present in all of the proteorhodopsins but are absent in other proteins (Fig. 1C) . Based on this fact, we conclude that helix F should adopt the same structure in proteorhodopsins and that this unusual structure discriminates them from the other retinylidene proteins, including XR. This notion is supported by the recently released crystallographic structure of blue light-absorbing proteorhodopsin from Med12 (PDB ID code 4JQ6; Figs. S9 and S10).
The role of the disruption of the helix F α-helical structure in proteorhodopsins is not clear at present. Both 3 10 -and π-structures have been implicated to possess functional roles other than simply structural in other membrane and soluble proteins (16) (17) (18) . One possibility is that the novel structure facilitates the "unlatching" of the cytoplasmic site, similarly to what was proposed in bacteriorhodopsin photocycle (19) . As for the stabilizer residues, the role of the Trp-154 position has not been highlighted previously, but Asn-224, the residue preceding the retinal-binding lysine, is known to be important for the function of retinylidene proteins. For example, its mutation, A215T (a single mutation in the retinal binding pocket; two other mutations are needed for efficient signal transducer binding), is enough to convert the proton pump bacteriorhodopsin into a photosensor (20) .
Another difference between ESR and the proteins of known structure is the position of the loop connecting the helices B and C, which interacts excessively with the helix A in ESR and XR and interacts with the helices D and E in BR (Fig. S11) .
Photosynthetic organisms often increase the efficiency of light harvesting by utilization of antennae. Archaeal proton pumps BR and archaerhodopsin function without any such additional mechanisms. However, it was shown recently that a light-harvesting antenna can function also in a retinal protein. Xanthorhodopsin, a retinylidene protein of the extreme halophilic bacterium Salinibacter ruber isolated from salt-crystallizer ponds, contains a single energy-donor carotenoid, salinixanthin, as an additional chromophore (12, 21) . The salinixanthin binds to the outer surface of the helix F at the protein-lipid boundary. The keto-ring of salinixanthin interacts with the residues at the extracellular ends of the helices E and F and the β-ionone ring of the retinal. The binding pocket of the keto-ring is formed by Leu-148, Gly-156, Phe-157, Thr-160, Met-208, and Met-211 and the retinal β-ionone ring (12) . An intriguing question is whether other retinal proteins might also have an antenna. As it follows from our data, the residues that are characteristic for xanthorhodopsin and Gloeobacter rhodopsin, another carotenoid-binding proton pump, are not conserved in ESR. Many of the ESR residues have larger side chains than the corresponding residues of XR. As a consequence, binding of the carotenoid or some other molecule in the retinal proximity is impossible (Fig. S12) .
Structure of the Retinal Binding Pocket, Proton Release, and Proton Uptake Groups. The retinal binding pocket of ESR is presented in Fig. 2 and compared with those of other proteins in Fig. 3 . The retinal is covalently linked to lysine 225 via a Schiff base, similarly to XR and BR. The electron densities around the retinal definitely show that the chromophore is in all-trans conformation (Fig. S13 ). The protonated Schiff base of the retinal points toward the extracellular part of the protein and, as in BR and XR, donates a hydrogen bond to a key water molecule W402. In its turn, W402 donates hydrogen bonds to two anionic residues, Asp-85 and Asp-221 (Asp-85 and Asp-212 in BR correspondingly) (22, 23) (Figs. 2 and 3 ). This arrangement stabilizes the positive charge of the Schiff base and is conserved in all of the currently known proton pumps (and in most other retinylidene proteins). The carboxylate of Asp-85 in ESR is oriented in a similar way to Asp-85 of BR and unlike its homolog Asp-96 in xanthorhodopsin, which is considerably rotated (12) . One more water molecule, W406, is observed in the retinal binding pocket of ESR, where it occupies a similar position to W406 of BR (Figs. 2 and 3) . Whereas, in BR, W406 forms a hydrogen bond to Arg-82 (22, 23) , in ESR, it is close to other water molecules directly facing the bulk solvent. In the structure of xanthorhodopsin, only the water molecule W402 was found (12) .
A remarkable difference of the bacterial proteins ESR and XR from archaeal BR is the presence of the histidine residue not far from the retinal (Figs. 2 and 3) . Like its homolog His-62 in XR, ESR's His-57 forms a tight hydrogen bond to the proton acceptor Asp-85. The observed bond lengths in the two monomers of 2.58 Å and 2.66 Å are somewhat larger than those of xanthorhodopsin, 2.55 Å and 2.42 Å. Although in both cases these distances may be indicative of an unusual bonding, for example low-barrier hydrogen bond (24-26), higher resolution structures are needed to test this hypothesis.
Orientations of Asp-His pairs are completely different in ESR and XR (Figs. 2 and 3) . In ESR, His-57 is rotated toward Arg-82 and is immersed in a cavity of a size sufficient for a water molecule from the bulk to come in contact with it. The electron densities in the cavity are indicative of several partially ordered water molecules (Fig. 2) ; however, their positions differ in the two ESR molecules. The Asp-His pair is the only suitable proton acceptor group in the retinal vicinity. The Asp-His coupling explains the experimental observation that the pK a of the HisAsp group is by several units higher than pK a of Asp-85 in BR (11) . Lower affinity to the proton may explain the longer time needed for acceptor protonation (11) . At the same time, as His-57 is almost in direct contact with the bulk solvent, it itself or together with Asp-85 could serve as a proton release group. In this respect, XR differs from ESR: in the former the analogous histidine 62 points away from Asp-236 (analog of Asp-212 of BR) and does not participate in the hydrogen bond connection of the Schiff base to the solvent. Arginine 93 of XR separates the Schiff base from the bulk solvent similarly to BR. There is no histidine residue in the vicinity of the retinal in BR, the arginine 82 separates the Schiff base from the bulk solvent, and the proton release group is believed to consist of glutamates 194 and 204 and the adjacent water molecules (22, 23, 27 ).
ESR's Arg-82 points away from the retinal (Fig. 2) , similarly to the bacteriorhodopsin's M state (27) , and occupies the outermost position compared with the other proteins (Fig. S14) . It is believed that Arg-82 plays a key role in proton release in BR (22, 23, 27) . In the BR photocycle, protonation of Asp-85 from the Schiff base upon L to M state transition results in a flip of Arg-82 from the retinal to extracellular direction (outward from the retinal). However, already in the ground state of ESR, Arg-82 points to the extracellular part of the protein. There, it forms a hydrogen bond to Glu-130 (Fig. 2B) and is a part of a larger cluster of ionizable and polar side chains (Fig. S11 ). This conformation is expected to remain unperturbed during the whole photocycle, and, therefore, the role of Arg-82 in the ESR's proton release mechanism can be not as important as it is in BR. The data described here provide an explanation of a recent observation that Asp-85 and Arg-82 are not coupled in ESR (as the former does not influence pK a of the latter, unlike in BR) (11) .
The ESR's proton uptake region is also unique among the proton pumps of known structure from both archaea and bacteria. There is the cationic amino acid lysine 96 at its core, contrary to the anionic amino acids Asp-96 and Glu-107 in BR and XR, respectively (Figs. 1C and 4) . The same amino acid is found in the proton uptake region of recently identified proteorhodopsins from marine uncultured MG-II Euryarchaeota (28) (Fig. 1C and sequence alignment in Dataset S1). The Lys-96 side chain is to some extent mobile as its positions differ in the two observed ESR molecules, and the electron densities are weak in one of them (Fig. 4) . This side chain flexibility might be required for the structural rearrangements needed for the reprotonation. However, it could also be a result of the overall lesser quality of the proton uptake part of one of the two molecules in the crystallographic asymmetric unit (Fig. S2) . The cavity around Lys-96 is mostly surrounded by hydrophobic amino acids and may accommodate at least three water molecules. Residual electron densities are seen in this region although they are not sufficient for a reliable placement of these water molecules. Next, the cavity is very close to the bulk solvent as it is separated from it only by a polar side chain of Thr-43, which is a remarkable difference from BR and XR, where there is a large gap between the proton uptake residue and the bulk solvent (Figs. 4 and 5) . The proximity of the bulk solvent can result in an easy direct access of the protons from the cytoplasm to Lys-96 through a water "funnel" and might explain why proton uptake precedes proton release in ESR. The small hydrophobic gate between K96 and the Schiff base, created by the leucine 93 side chain, is similar to that of XR and BR. We suggest that, upon isomerization of the retinal, Leu-93 may change its conformation and allow a faster Schiff base reprotonation. Why do ESRs and some other proteorhodopsins possess a cationic amino acid at the proton uptake? E. sibiricum inhabits permafrost soil, which is characterized by a wide range of pH (5.6-7.8). Therefore, the function of ESR must be adapted to this variation. Indeed, light-induced proton transport by ESR-containing E. coli cells and proteoliposomes is observed in a broad pH range of 4.5-8.5 (11) . It was shown that the pair Asp-85/His-57 allows the protein to stabilize Asp85 in the unprotonated state in a wide range of pH, which is necessary to keep the proton pump functional (11) . However, in proteorhodopsin, where the proton acceptor pair is the same, direction of the proton flow may be reversed at acidic pH (29) . Therefore, a priori, Asp-85/His-57 cannot be considered as a sufficient and universal stabilizer of proton pumping in a wide range of pH. One could speculate that Lys-96 with its reduced pK a is a key element of stabilization of proton pumping. However, it is not clear how to explain a recent discovery that proteorhodopsins corresponding to the genes revealed in the metagenomic sequences of uncultured marine group II Euryarchaeota contain a lysine residue in the proton donor position, similarly to ESR (28) . This question about the proton pumping by ESR requires further investigation.
Proposed Model of the Photocycle. Structural and spectroscopic studies of the intermediate states are necessary for a complete description of the mechanism of vectorial proton translocation in ESR and explanation of the role of Lys-96 and the Asp-85/His-57 couple. Nevertheless, the outline of the ESR photocycle has been obtained recently by Balashov et al. (11) (Fig. 6) , and, thus, using the structure, we can propose the major steps of the proton pumping by the protein. First, upon isomerization of the retinal, the Schiff base flips from the extracellular to the cytoplasmic part of the retinal pocket. There, the position of the charged group in the mostly hydrophobic environment is energetically unfavorable, and the Schiff base must be deprotonated as a result. The only primary proton acceptor candidate is the residue Asp-85 (11), which is coupled strongly to His-57 (Figs. 2 and 3) . Next, the Schiff base must be reprotonated. Indirect experimental evidence shows that the reprotonation proceeds via Lys-96 as it is the only ionizable residue in that region and the M state decay is significantly Fig. 3 . Comparison of the ESR, XR, and BR retinal binding pockets in the ground state. Both ESR and XR differ from BR by presence of the histidine residue not far from the retinal. ESR's retinal pocket also possesses other differences. First and probably most important, its histidine is turned toward the arginine 82, which in its turn is removed from the retinal, similarly to the bacteriorhodopsin's M state. Second, in ESR, the residue preceding the retinal-bound lysine is asparagine, as opposed to alanine in BR, XR, and most of other proton-pumping bacterial rhodopsins. Fig. 4 . Comparison of the ESR, XR, and BR proton uptake regions. The conformations differ in the two observed ESR molecules. Contrary to BR, XR, and other light-driven proton pumps of known structure, ESR has a lysine (Lys-96) residue at the proton uptake, whose electron densities are shown at the level of 1.4σ. The cavity around Lys-96 is mostly surrounded by hydrophobic amino acids and may accommodate at least three water molecules. The only polar residue, Thr-43, separates the cavity from the bulk solvent. On the contrary, the proton uptake residues Glu-107 of XR and Asp-96 of BR are far from the bulk solvent, being separated from it by Ser-48 and Tyr-45 in XR and Phe-42 in BR. Lys-96 side chain is ordered in one ESR molecule and partially disordered in the other. Additional positive electron densities around Lys-96 (not shown) are observed in the difference maps that are probably related to mobile water molecules.
slowed down in the K96A mutant (11) . It can be expected that Lys-96 is deprotonated in the ground state, as it is immersed in a mostly hydrophobic cavity, and it was shown that, in such cases, the lysine side chain pK a may be as low as 5.3 (30) . Therefore, Lys-96 must be reprotonated following the Schiff base deprotonation, and only then can it pass the proton to the Schiff base. The reprotonation step is probably facilitated by the presence of the continuous connection to the bulk solvent (Fig. 5) . Finally, following the experimental observations (11) , release of the proton to the bulk solvent occurs after the Schiff base reprotonation.
Materials and Methods
Protein Purification. ESR with a C-terminal hexahistidine tag was expressed in E. coli strain Rosetta2(DE3)pLysS and purified as described (10) . ESR was growing in a fermenter for 3 d at 30°C in 2× ZYM5052 autoinduction medium (31) with 100 μg/mL ampicillin and 34 μg/mL chloramphenicol. After obtaining a membrane fraction, ESR was extracted by incubation in 50 mM Tris, 1% n-dodecyl-β-D-maltopyranoside (DDM), 10 mM imidazole, pH 8.0 overnight at +4°C. The solubilized membrane fraction was purified on an Ni-Sepharose 6 Fast Flow (GE Healthcare) column, washed with buffer 1 (50 mM sodium phosphate, 500 mM NaCl, 2 M urea, 0.1% DDM, 10 mM imidazole, pH 8.0), and buffer 2 (50 mM sodium phosphate, 200 mM NaCl, 0.1% DDM, 20 mM imidazole, pH 8.0) and eluted with 50 mM sodium phosphate, 200 mM NaCl, 0.1% DDM, 0.01% Na azide, 300 mM imidazole, pH 7.4. After removing imidazole, the subsequent sample concentration was performed on an Amicon ultrafiltration device with a regenerated cellulose membrane (10 kDa molecular weight cut-off). The final concentration of ESR was up to 2 mg/mL.
Crystallization. The crystals were grown using the in meso approach (14, 15) . The solubilized protein in the crystallization buffer was added to the monooleoyl-formed lipidic phase (Nu-Chek Prep). The best crystals were obtained using the protein concentration of 35 mg/mL and the 0.1 M Sodium acetate, 0.2 M Sodium malonate, 12% (wt/vol) PEG 3350, pH 4.6, precipitant solution (Qiagen). The crystals were grown at 22°C.
X-Ray Data Acquisition and Treatment. X-ray diffraction data (wavelengths 0.934 Å and 0.976 Å) were collected at the beamlines ID14-1 and ID23-1 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France, using a PILATUS 6M detector. Diffraction patterns were processed using the MOSFLM (32) and SCALA software from the CCP4 program suite (33) . The crystals were twinned, with the twin fraction in the range 0-45%. The crystal with the best diffraction was not twinned. The data statistics are presented in Table 1 .
Structure Determination and Refinement. The initial phases were obtained by a molecular replacement (MR) method using MOLREP (34) . The MR solution was found in the spacegroup P321. There are two monomers in the asymmetric unit in this solution. Although the overall configuration of the proteins in the crystal is close to the higher-order symmetry P6 3 22 , multiple analyses show that the correct spacegroup is P321. Typical R merge values are 1.5 times higher if the data are integrated in P6 3 22 , and systematic absences, characteristic of P6 3 22, are not observed. Also, the MR solution could not be found in P6 3 22. In P321, similar solutions were found using either XR coordinates (PDB ID code 3DDL) (12) or the homology model of ESR, based on PDB ID code 3DDL. The homology model created using the SWISS-MODEL server (35) was eventually used that resulted in the R-factors of ∼45% after the MR step.
The initial MR model was iteratively refined using intensity-based twin refinement in REFMAC5 (36) and Coot (37) . During the starting stage of the refinement, the medium noncrystallographic symmetry (NCS) restraints were applied to the monomers. After most of the model was built, release of the NCS restraints led to the improvement of the R and R free factors.
The initial atomic model was obtained using the 2.9-Å data from the twinned crystal (twin fraction ∼40%) and was later refined against the 2.3-Å data from the crystal that was not twinned. Along with the protein structure, positions of 33 water molecules and 30 lipid tail fragments were determined. The final refinement, including the translation/libration/screw (TLS) treatment of the B-factors, was conducted using the PHENIX software suite (38) . Fig. 5 . The cavities on the putative proton path in ESR, XR, and BR that may be occupied by water molecules. The upmost and the lowest cavities on the figure face the bulk solvent. The important ionizable and charged residues are shown explicitly. In the proton uptake region, ESR's Lys-96 is separated only by the Thr-43 side chain from the solvent whereas there is a large gap in XR and BR between the bulk and Glu-107 and Asp-96 correspondingly. There is enough space for at least three water molecules around Lys-96 in ESR. In ESR, the histidine residue of a putative proton release group Asp-221/His-57 is immersed in a cavity of a size sufficient for a water molecule from the bulk to come in contact with it. This continuous cavity contains the ordered water molecules 402 and 406, and transitions into the bulk. In XR, the release group is shielded by Arg-93. In BR, the proton is released from the completely different group, a pair of glutamates (Glu-194 and Glu-204) that are separated by the Ser-193 side chain from the bulk. The cavities are determined as a composition of the crystallographically recognizable water molecules and the space determined using the Hollow software (48) with a 1.4-Å probe and 0.2-Å grid spacing. Fig. 6 . The models of the BR and ESR photocycles (11, 27) . Some of the transitions are reversible. The timescales are very approximate as they depend strongly on the conditions such as pH, temperature, and other factors.
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